The Neotropical woody bamboos are a monophyletic lineage with three subtribes in the Bambusoideae: Arthrostylidiinae, Chusqueinae and Guaduainae. The geographical distribution of these subtribes extends from Mexico, Central America, Caribbean Islands, to South America. In order to understand the biogeographical patterns and origin of these bamboos, a phylogeny of Neotropical woody bamboos was first inferred. Then divergence time estimation of particular nodes using a Bayesian approach and ancestral area reconstruction using S-DIVA were performed. The results suggest a Miocene origin of Neotropical bamboos where the subtribe Chusqueinae was the oldest, followed by the Arthrostylidiinae and the Guaduinae. The ancestral area reconstruction indicated a complex scenario in which the ancestral area for Chusqueinae was Andean South America followed by multiple dispersal events to Atlantic Brazil and Mesoamerica. Overall, the results support the hypothesis of a South American origin of the Neotropical woody bamboos, corroborated by the molecular dating, ancestral area reconstruction and the fossil record. Keywords: Andes, Atlantic forests, Mesoamerica, Neotropical woody bamboos, South America.
T he bamboo subfamily (Bambusoideae) is one of the thirteen known subfamilies in Poaceae (GPWG, 2001; Sán-chez-Ken et al., 2007; Bouchenak-Khelladi et al., 2008) . Comprising 80-90 genera and more than 1,500 species distributed world wide except in the Antarctica and Europe (McClure, 1966; Soderstrom and Ellis, 1987; Judziewicz et al., 1999; Ohrnberger, 1999 ), bamboos grow from see level up to 4,000 m in altitude and are economically important in Asia and South America (Judziewicz et al., 1999; Bystriakova et al., 2003) .
The latest molecular phylogeny of Poaceae (BouchenakKhelladi et al., 2008) recovered two main supported clades where the Bambusoideae in the BEP clade is sister to the Pooideae (wheat subfamily) and these two are sister to the Ehrhartoidaeae (rice subfamily) (see also GPWG, 2001) . Bouchenak-Khelladi et al. (2008) found that the bamboo subfamily is monophyletic but found paraphyly in the Bambuseae (woody bamboos), while the Paleotropical and Neotropical woody bamboos are sister to the Olyreae (herbaceous bamboos), and this clade sister to temperate woody bamboos. These results were later confirmed by a multi-gene phylogeny of the Bambusoideae (Sungkaew et al., 2009 ). In the paraphyletic woody bamboos with nine recognized subtribes, only three subtribes, (Chusquineae, Guaduinae and Melocanniinae) have been recovered as monophyletic groups (Kelchner and Clark, 1997; Clark et al., 2007; RuizSanchez et al., 2008; Fisher et al., 2009; Sungkaew et al., 2009) , and the rest of the subtribes are not monophyletic EDUARDO RUIZ-SANCHEZ groups (Guo et al., 2001 (Guo et al., , 2002 Guo and Li, 2004; Clark et al., 2007; Yang et al., 2008; Bouchenak-Khelladi et al., 2008; Peng et al., 2008; Sungkaew et al., 2009; Triplett and Clark, 2010) .
The Neotropical woody bamboos form a monophyletic lineage represented by three subtribes: Arthrostylidiinae, Chusqueinae, and Guaduinae (Clark et al., 1995; Judziewicz et al., 1999; Zhang and Clark, 2000; BouchenakKhelladi et al., 2008) . The subtribe Arthrostylidiinae has 12 genera and more than 157 species and is distributed in South America, Mesoamerica and the Caribbean Islands, from sea level up to 3,700 m. The Chusqueinae has only one genus, Chusquea, with more than 155 species distributed from Mexico to Brazil. Chusquea species grow from sea level up to 4,000 m in altitude and is one of the most speciose genera in the Poaceae. The Guaduinae has five genera and more than 40 species, is distributed from Mexico to Brazil, but never grows above 2,500 m in altitude. In some parts of Mesoamerica (Mexico and Costa Rica) and South America (Brazil and Colombia) species of the three subtribes are sympatric (Judziewicz et al., 1999) . The three Neotropical subtribes have distributions in three main areas of highest bamboo diversity and endemism; Brazil, the Northern and Central Andes, and Mexico. Brazil (including the Amazon basin and the Atlantic forests) has the greatest diversity of genera and species, followed by the Andes (Venezuela to Bolivia), and Mexico and Central America (Soderstrom et al., 1988; Clark, 1990; Judziewicz et al., 1999) .
The Poaceae originated in the late Cretaceous (c. 96 Ma) and the center origin was either African or South American regions of Gondwana, based on three plastid markers and four fossil calibration points (Bouchenak-Khelladi et al., 2010) . The BEP clade has been inferred to have originated in the early Eocene in closed habitats in Africa, according with the results of the ancestral area reconstructions of Bouchenak-Khelladi et al. (2010) . The diversification of bamboos occurred during the Miocene (23.7 to 5.3) as documented by macrofossils or pollen fossil records (Berry, 1929; Thomasson, 1987; Crepet and Feldman, 1991; Worobiec and Worobiec, 2005; Brea and Zucol, 2007; Worobiec et al., 2009) . However, the crown node of the Bambusoideae originated 30 Ma in the middle Oligocene (Bouchenak-Khelladi et al., 2010) . Clark (1997) proposed that the woody bamboos, arose in the Southern Hemisphere in lowland, tropical areas and then radiated into tropical montane habitats.
The uplift of the Andean in the Miocene had a profound impact on the history of South America; it changed the course of the Amazon river system from northwestwards to the Atlantic side (Hoorn et al., 1995) . The Andean uplift acted both as a dispersal route and as driver in promoting rapid diversification, via allopatric speciation and ecological displacement, in highland and montane habitats (Antonelli et al., 2009) . On the other hand, the climatic fluctuations due the Milankovitch cycles caused global changes in the distribution of tropical forests during the Cenozoic (Tertiary-Quaternary) and before (Haffer and Prance, 2001 ). The Andean uplift and the climate change are responsible for Amazonian forest refugia, where many extant plant and animal species probably originated (Haffer and Prance, 2001 ). Almost at the same time during the late Miocene in Central America the migration of the magmatic front from the Cordillera del Aguacate to the Cordillera Central resulted in relocation of the Pacific-Caribbean drainage divide, formation of the Valle Central basin, and reorganization of fluvial networks (Marshall et al., 2003) , making a complex topographic scenario for plant divergence. South America was the primary center of origin for the New World woody bamboos, and dispersal to Mesoamerica (Central America to Mexico) occurred after the Panamanian land bridge formed about 2.8-2.9 Ma (Judziewicz et al., 1999; Bartoli et al., 2005) .
Due to the limited sample of neotropical woody bamboos (three and four respectively) in previous phylogenetic and biogeographic studies (i.e. Sungkaew et al., 2009; Bouchenak-Khelladi et al., 2010) , we used the molecular data from Kelchner and Clark (1997) and Ruiz-Sanchez et al. (2008) to reconstruct a dated phylogenetic tree of the Neotropical woody bamboos. This paper aims to study the temporal patterns of Neotropical woody bamboos biogeography and temporal evolution: (1) producing a dated phylogenetic tree of the subfamily Bambusoideae and the Neotropical woody lineage, (2) inferring the evolution of geographical range and reconstructing ancestral areas, and (3) inferring biogeographical patterns of dispersal-vicariance from South America to Mesoamerica based on fossil and Yule based divergence estimation and ancestral area reconstruction.
Material and methods

Phylogeny of the Neotropical woody bamboos.
In order to infer the most complete Neotropical woody bamboo species phylogeny, 46 taxa were used. The plastid rpl16 intron was used to infer the phylogeny, the sequences were Genbank downloaded <http://www.ncbi.nlm.nih.gov/genbank/> (consulted August 25 2010) following the previous phylogenetic analyses of Kelchner and Clark (1997) and Ruiz-Sanchez et al. (2008) . Bayesian analyses were conducted using MrBayes 3.2.1 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) . First, jMODELTEST.0.1.1 (Posada, 2008) was run to identify the model of evolution using the AIC values. The best model for the rpl16 intron was TIM1+G. Then the model's parameters were used in MRBAYES v. 3.1.2 (Ronquist and Huelsenbeck, 2003) . Two parallel BMCMC were executed simultaneously with default options and each was run for 10 7 generations. Trees were sampled every 2,000 generations yielding 1,000 trees
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saved per run. Stationarity was verified graphically by plotting the number of generations versus -ln L values. Trees prior to stationarity were excluded (10%) and the remaining trees were used to generate a majority consensus tree with the Bayesian posterior probabilities of the clades.
Divergence time estimation. The estimation of divergence time was done under a Bayesian approach as implemented in BEAST v. 1.5.4 . Two different estimations of divergence times were run. First, we estimated the divergence time of the Bambusoideae subfamily using five plastid regions (trnL intron, trnL-F intergenic spacer, atpB-rbcL intergenic spacer, rps16 intron, and matK gene) and 64 taxa of Sungkaew et al. (2009) . This first estimation was done, due the majority of the Bambusoideae and Neotropical woody bamboo taxa (52 and 4) and plastid (five) markers used in the Sungkaew et al. (2009) study, instead the 25 and three bambusoids and three plastid markers used by Bouchenak-Khelladi et al. (2010) . The finality was to obtain the best divergence estimation times for the Neotropical woody bamboos and to use it to calibrate the Neotropical tree priors.
BEAST v. 1.5.4 has three substitution models (HKY, GTR and TN93) and three site heterogeneity models (gamma, invariant sites, or gamma + invariant sites). We used the model of selection GTR + G based on the result of AIC from jMODELTEST 0.1.1 to the subfamily Bambusoideae under an uncorrelated lognormal relaxed clock model. We constrained five nodes to be monophyletic according to Sungkaew et al. (2009) and Bouchenak-Khelladi et al. (2010) : BEP-P, Ehrarthoideae, Pooideae, Bambusoideae and Panicoideae. The Yule speciation process was used to model the tree prior. Five calibration points were used to determine specific nodes prior, and lognormal distributions following the results of Bouchenak-Khelladi et al. (2010) A second estimation of divergence times was conducted for the Neotropical woody bamboos. Sequences for both analyses were aligned manually using the program Se-Al v. 2.0a11 (Rambaut, 2002) . We used the HKY + G model of sequence evolution for the 46 data matrix of the rpl16 intron, under an uncorrelated lognormal relaxed clock model and Yule speciation process was used to model the tree prior. The three Neotropical subtribes and the genus Guadua were constrained to be monophyletic according to (Ruiz-Sanchez et al., 2008 and Fisher et al., 2009) . Two fossil calibration points were used to determine specific node priors. For Chusqueinae-Chusquea crown group, the age of Miocene macrofossil from Colombia (Berry, 1929) was used, approximating a median age of 14 Ma [lognormal mean 2.63, SD 0.1, zero offset 0] and for the Guadua crown group, the age of a Pliocene macrofossil from Argentina (Brea and Zucol, 2007) was used, approximating a median age of 4.5 Ma [lognormal mean 1.5, SD 0.1, zero offset 0].
To calibrate the root we used the results of the first divergence time estimation of the Bambusoideae, using the estimated 19.37 Ma [lognormal mean 3.23, SD 0.26, zero offset 0; range of 6.7-22.6 Ma] divergence time for the Neotropical woody bamboos lineage crown group.
For both divergence time estimations we performed four independent 10 7 generation runs with random starting trees, sampling every 2,000 generations. Results were analysed using TRACER v. 1.5 Available from the BEAST site at <http://tree.bio.ed.ac.uk/ software/tracer/> to assess convergence and effective sample sizes (ESS) for all parameters and the tree files from the four runs of BEAST were combined. Finally, these results were summarized in a single tree and the two resulting trees were visualized in FIGTREE v. 1.5.4 . Available from the BEAST site at <http://tree. bio.ed.ac.uk/software/figtree/> Ancestral area reconstruction. Four areas were defined for the biogeographic analysis based on three main biogeographical areas with highest bamboo diversity and endemism identified by Soderstrom et al. (1988) ; Clark (1990) ; Judziewicz et al. (1999) and following the biogeographic areas of Antonelli et al. (2009) . The four areas were coded as follow: Meosamerica (including Mexico and Central America) (A), Andes (B), Amazonian basin (C) and Brazilian Atlantic forests (D). Dispersal-Vicariance Analysis (DIVA) is one of the most widely-used methods for inferring biogeographic histories (Ronquist, 1997 (Ronquist, , 2001 . DIVA reconstructs the ancestral distribution in a phylogeny using a three-dimensional step matrix, while allowing for dispersal and extinction to occur. One problem with the current implementation of DIVA is that it ignores the uncertainty in phylogenetic inference: ancestral areas are reconstructed onto a fixed tree topology assuming that the phylogeny is known without error (Nylander et al., 2008) . A second source of uncertainty in DIVA is associated with ancestral area optimization: multiple equally parsimonious optimal distributions are often suggested at ancestral nodes, particularly if there are many widespread extant distributions (Ronquist, 1997 , Nylander et al., 2008 . To avoid the problems with DIVA the S-DIVA (Statistical Dispersal-Vicariance Analyses) was used integrating 10,000 trees from the Bayesian analysis. S-DIVA determines statistical support for ancestral range reconstructions (Yu et al., 2010) . The 
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frequencies of an ancestral range at a node in ancestral reconstructions are averaged over all trees and each alternative ancestral range at a node is weighted by the frequency of the node occurring, or by some other measure of support for the node (Yu et al., 2010) .
Results
Phylogeny of neotropical woody bamboos.
The total number of base pairs of the aligned rpl16 intron matrix was 1,075, where 43 bp were variable and 1,032 were constant. Bayesian majority consensus rule retrieved a topology where two (Guaduinae and Chusqueinae) of the three Neotropical subtribes show posterior probabilities 0.85 (PP) (Figure 1) (Figure 2 ). The divergence time estimation for the Neotropical woody bamboos showed that the Chusqueinae was the oldest with divergence times of 14.2 Ma (11.6-16.8 CI, 95% HPD), followed by the Arthrostylidiinae with 9.1 Ma (4.9-14.2 CI, 95% HPD); the Guaduinae is the youngest subtribe with 8.8 Ma (5.3-13.1 CI, 95% HPD) (Figure 3) . Chusquea is the oldest genus in Neotropical woody bamboos, but with diversification during the Pliocene to Pleistocene (4.6-0.5 Ma) (Figure 3 ). In the Arthrostylidiinae, Aulonemia and Rhipidocladum diverged in the Pliocene (4.4 Ma) and Pleistocene (1.2 Ma) respectively. In the Guaduinae, Guadua and Eremocaulon diverged in the Pliocene (4.1 and 3.2 Ma), Otatea during the Pleistocene (1.9 Ma) and Olmeca species including O. clarkiae in the middle Pliocene (4.3 Ma) (Figure 3) .
Ancestral area reconstruction.
The statistical dispersal-vicariance analyses reconstructed the ancestral distributions of all Neotropical woody bamboos as being restricted to one or a few areas. The ancestral distribution area of Neotropical woody bamboos is restricted either to Mesoamerica + Andes + Atlantic forests (53.35%) or to Mesoamerica + Andes (46.65%). S-DIVA infers rather complex scenarios with wider ancestral ranges being inferred for increasingly interior nodes (Figure 3) . Of the 44 cladogenic events in Figure 3 , S-DIVA required 24 dispersal events to explain the observed pattern of distribution. Dispersal rather than vicariance appears to have been of key importance in shaping Neotropical woody bamboos distribution patterns (Figure 3) . The ancestral distribution area of the Chusqueinae are the Andes (71.88%), or Andes + Atlantic forests (28.12%); for the Guaduinae is Mesoamerica (100%); and for the Arthrostylidiinae are Mesoamerica (46.90%), Andes + Atlantic forests (21.06%), Mesoamerica + Atlantic forests (16.71%) or Mesoamerica + Andes + Atlantic forests (15.31%) (Figure 3 ).
Discussion
The close relationships between the Arthrostylidiinae and Guaduinae as sister groups and the absence of node support for the Arthrostylidiinae subtribe has been found in previous phylogenetic analyses (Kelchner and Clark, 1997; Guala et al., 2000; Zhang and Clark, 2000; BouchenakKhelladi et al., 2008; Ruiz-Sanchez et al., 2008; Sungkaew et al., 2009 ). The Chusqueinae is corroborated as sister to the Arthrostylidiinae+Guaduinae clade, with good node support as in previous phylogenetic analyses (Kelchner and Clark, 1997; Ruiz-Sanchez et al., 2008; Sungkaew et al., 2009; Fisher et al., 2009) .
According to molecular dating of the Bambusoideae (Figure 2 ) the ancestral bamboo lineage originated in the late Eocene (37 Ma [26.5-48.7 CI, 95% HPD]), eight Ma older than the Bouchenak- Khelladi et al. (2010) estimates, but with the same confidence interval. This change could be due the inclusion of five plastid markers in the Bambusoideae dating instead of three plastid markers used by Bouchenak-Khelladi et al. (2010) .
The oldest Neotropical woody bamboo lineage estimated in our analyses is the subtribe Chusqueinae with 14.2 (11.6-16.8 CI, 95% HPD) Ma in the middle Miocene, at the same time in South America when extensive lakes and inland seas in the foreland basin in western Amazonia were developed (Lundberg et al., 1998) and the newly-formed montane habitats must have acted as an ecological barrier to lowland taxa (Antonelli et al., 2009) . The fossil record from Colombia dated to the Miocene and assigned to Chusquea (Berry, 1929) corroborated the molecular dating found for the Chusqueinae. However there is a bamboo fossil record older than Berry's fossil dated to the Eocene from Argentina (Frenguelli and Parodi, 1941) . This fossil indicated an older origin (Eocene) of Neotropical woody bamboos than the molecular dating (Miocene) here presented. If this bamboo EDUARDO RUIZ-SANCHEZ fossil record could be confirmed as Eocene in origin, the history of the Bambusoideae would change, with an South American bamboo origin and prior dispersal to Europe or Asia. Other bamboo fossils have been reported in Europe, since the Oligocene through the Pliocene (Worobiec and Worobiec, 2005) where they are now extinct. The Guaduinae subtribe has an origin of 8.8 Ma (5.3-13.1 CI, 95% HPD) in the late Miocene. Brea and Zucol (2007) describe a fossil species assigned to Guadua (G. zuloagae) from Argentina. This fossil species was recorded in sedi-
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ments of the Pliocene and coincided with the diversification of Guadua during the Pliocene according to the molecular dating (Figure 3) . The guaduoid genus Otatea originated during the Pleistocene (1.96; 0.33-4.09 CI, 95% HPD).
Based on the results of the ancestral area reconstruction, the Neotropical woody bamboos have wider ancestral ranges (Mesoamerica + Andes + Atlantic forests). However, taking into account the older node of the Neotropical woody bamboos that correspond to Chusqueinae lineage, where the ancestral area corresponds to Andean South America. This scenario is in agreement with the hypothesis of Clark (1997) that the Neotropical woody bamboos have a South American origin and this is in accord with the fossil record of Chusquea from Colombia in the Miocene (Berry, 1929) and the correct identity of the fossil of Frenguelli and Parodi (1941) , is needed to corroborate this scenario. The migration from South America to Mesoamerica after the completion of the Panama isthmus (Judziewicz et al., 1999) is valid only for the Chusqueinae, because the ancestral area reconstruction for the Arthrostylidiinae and Guaduinae indicate a Mesoamerican origin. However, the Guadua zuloagae fossil found in Argentina in sediments of the Pliocene contradicts these results. The limited Guadua samples used in the molecular divergence time estimations and in the ancestral area reconstruction could be the responsible of this contradiction.
Bouchenak- Khelladi et al. (2010) postulated two scenarios of bamboo spread from the Old to the New World one via the North America Atlantic Land Bridge (NALB) and Bering Land Bridge. The African + European + North America bamboo fossils (Thomasson, 1987; Strömberg, 2005; Worobiec and Worobiec, 2005) give more support for the first via. The spread to South America, could have occurred along a dispersal route via the NALB until the late Eocene-early Oligocene, and finally to South America, which was connected by the Greater Antilles, the Bahamas platform, the Aves Ridge and perhaps the site of the present Lesser Antilles (Bouchenak-Khelladi et al., 2010) . Under this scenario, the fossil of Frenguelli and Parodi (1941) from the Eocene corroborated this hypothesis. The scenario of NALB could be explained for the presence of bamboo-like grasses in the fossil record of North America in the early Oligocene and have been proposed for other angiosperm lineages (Chanderbali et al., 2001; Donoghue, 2008; Antonelli et al., 2009) . On the other hand, the same fossil from Argentina and our divergence time estimations for the Bambusoideae with an Eocene origin on this subfamily supported the contrary hypothesis of a South American origin of the bamboos. The inclusion of more herbaceous, Neotropical and Paleotropical bamboos samples that represents the complete geographical distribution of the bamboos in a new phylogeny, and to estimate the divergence times and reconstructing the ancestral area distribution could give new light in understanding the evolution and the biogeography of the bamboos.
Conclusions
The results here presented, indicate a Miocene origin of the Neotropical woody bamboos with an ancestral area in Andean South America with multiple dispersal events to Atlantic Brazil and Mesoamerica. However, to corroborate the scenarios of spread from the Old to the New World or a possible South America origin of bamboos followed by dispersals to the Old World, a complete phylogeny is needed. This is a first approximation to understanding the biogeography and divergence times of the Neotropical woody bamboos. However the addition of more molecular markers (cpDNA or nrDNA) and more taxa of Arthrostylidiinae from South America and the Antilles as well as Guaduinae (Guadua and Apoclada) and Chusquea species and the corroboration of the Frenguelli and Parodi's fossil will improve our understanding of the evolution and biogeography of the Neotropical bamboos.
